



























However,	 they	cannot	undertake	correct	embryogenesis	alone.	Many	attempts	 to	model	 the	early	
embryo	in	vitro	involve	the	aggregation	of	ESCs	into	spheroids	of	variable	size	and	cell	number	that	














these	 tissues	 is	 the	 pluripotent	 embryonic	 epiblast,	 which	 gives	 rise	 to	 the	 fetus	 and	 forms	 a	
cupshaped	 epithelium	 at	 the	 distal	 side	 of	 the	 conceptus.	 Abutting	 the	 epiblast	 is	 one	 of	 two	
extraembryonic	 tissues,	 the	 extra-embryonic	 ectoderm	 (ExE),	 which	 is	 derived	 from	 the	
trophectoderm	and	positioned	at	the	proximal	side	of	the	embryo,	giving	rise	to	the	fetal	portion	of	
the	placenta.	The	third	tissue,	the	visceral	endoderm	(VE),	gives	rise	to	the	yolk	sac	of	the	embryo.	
This	 forms	 a	 monolayer	 of	 cells	 that	 envelops	 the	 other	 two	 tissue	 compartments.	 These	 extra-






are	 transcriptionally	 equivalent	 to	 the	 epiblast	 of	 the	mouse	 embryo	 just	 before	 implantation,	 at	
embryonic	day	4.5	(E4.5)1.	These	cells	are	a	useful	tool	to	investigate	the	early	development	of	the	
pluripotent	embryonic	tissue	in	the	first	few	days	of	embryogenesis	in	vitro.		However,	when	allowed	
to	 differentiate	 in	 2D	 adherent	 culture,	 these	 cells	 cannot	 undertake	 embryogenesis	 without	 the	
support	of	the	 in	vivo	environment.	Instead,	they	differentiate	into	neural	tissue2	or	can	be	coaxed	
into	 generating	 other	 lineages	 by	 the	 administration	 of	 growth	 factors	 to	 bias	 cell	 fate3,4.	 When	
cultured	 in	 3D	 with	 extracellular	 matrix	 (ECM),	 mammalian	 ESCs	 and	 their	 reprogrammed	
counterparts,	induced	pluripotent	stem	cells	have	been	shown	to	develop	with	time	into	organ-like	
structures	including	fully	organised	retina	and	brain-like	tissue5–9.	The	generation	of	these	structures,	
termed	 ‘organoids’,	 occurs	 through	 self-assembly/self-organisation	 of	 cells	 from	 an	 initially	
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of	 hundreds	 of	 cells.	 This	 technique	 leads	 to	 the	 formation	 of	 ‘embryoid	 bodies’	 that	 can	
spontaneously	induce	domains	of	polarised	gene	expression11.	Some	of	these	structures	have	been	
termed	 ‘gastruloids’	 as	 they	 sometimes	 initiate	 the	 regionalised	expression	of	 germ	 layer	markers	
associated	with	the	onset	of	gastrulation	during	embryogenesis12,13.	However,	these	structures	do	not	
develop	as	embryos	and,	consequently,	do	not	recapitulate	the	specific	architecture	of	the	embryo	at	




embryonic	 architecture.	 They	 develop	 to	make	 a	 ‘rosette-like’	 structure	 similar	 to	 the	 embryonic	
epiblast	at	the	time	of	implantation14.	Just	as	in	the	embryo,	β1-integrin	signalling	mediated	by	laminin	
in	the	ECM	leads	to	cell	polarisation,	which	in	turn	underpins	the	formation	of	the	ESC	‘rosette’.	At	the	















90%	 of	 the	 structures	 developed	 a	 characteristic	 embryo-like	 morphology	 demonstrating	 the	
robustness	of	 	 this	model	 system17.	Here	we	provide	a	 step-by-step	protocol	 for	 generating	 these	
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’polarised	embryo-like	structures’,	also	called	‘ETS-embryos’	(ESCs	and	TSCs	in	culture),	using	custom	



































such,	 they	may	be	useful	 in	 the	 study	of	 how	ESCs	differentiate	 in	 response	 to	 the	delivery	of	 an	
exogenous	signal.	Moreover,	although	polarised	embryo-like	structures	lack	a	VE	layer,	which	is	critical	
for	natural	embryo	development,	the	fact	that	they	are	more	simple	than	the	real	embryo	but	still	
comprise	embryonic	and	extra-embryonic	 tissues	aids	 investigation	of	 the	 interaction	between	the	




also	have	 several	other	potential	uses	 in	developmental	 studies.	 This	 in	 vitro	model	of	 the	mouse	
embryo	can	complement	work	 in	vivo	as	the	amenability	of	ESCs	and	TSCs	to	genetic	manipulation	
means	that	they	can	be	used	to	generate	embryo-like	structures	that	are	knockout	for	a	particular	
gene	 of	 interest.	 This	 may	 be	 an	 efficient	 way	 to	 reveal	 novel	 functions	 of	 genes	 in	 early	
embryogenesis,	and	to	perform	molecular	studies,	without	producing	knockout	animals	which	is	both	





































Medium	optimisation.	 	Our	 approach	 is	 based	on	 that	developed	by	Bedzhov	&	Zernicka-












PD0325901,	 CHIR99021,	 and	 Leukaemia	 Inhibitory	 Factor	 (LIF),	 which	 maintain	 ground	 state	
pluripotency	in	ESCs28.	This	was	because	we	wanted	ESCs	to	be	able	to	differentiate	in	co-culture.	This	








By	 keeping	 the	 serum	 concentration	 low	 in	 the	 medium,	 we	 found	 that	 this	 medium	







of	 ETS-embryo	 development	 including	mesoderm	 specification31,	 PGC-like	 cell	 specification32	 or	 to	
demarcate	the	ESC	compartment	by	possession	of	fluorescent	membranes33	(STEP	1).	Cells	can	also	







separately	 and	 culturing	 for	 72h	 to	 ensure	 the	 cells	 grow	 as	 expected	 (STEPS	 14-15).	 For	 ESCs	
embedded	in	Matrigel,	a	single	lumen	should	develop	at	the	centre	of	the	structure	within	48h14	and	








































colony	 morphology,	 and	 expression	 of	 pluripotency	 markers.	 If	 the	 FBS	 is	 of	 appropriate	
quality,	 then	ESCs	 should	become	confluent	within	48h	of	 culture,	 and	 colonies	 should	be	
rounded	 and	 raised,	 with	 tightly	 packed	 cells.	 Expression	 of	 pluripotency	markers	 can	 be	
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tested	 by	 immunofluorescence	 staining	 to	 detect	 expression	 of	 Oct4,	 Nanog,	 and	 Sox2	
transcription	factors,	which	should	be	localised	to	the	nucleus.	To	check	for	differentiation,	
cells	can	also	be	immunostained	for	T/Brachyury	protein,	which	should	not	be	expressed	in	
naïve	 pluripotent	 ESCs.	 The	 gold	 standard	 test	 for	 naïve	 pluripotent	 ESCs	 is	 to	 perform	 a	
chimera	 assay	 in	 which	 ESCs	 are	 introduced	 into	 the	 pre-implantation	 embryo	 and	 their	
contribution	is	checked.	This	is	recommended	for	cell-lines	which	have	been	derived	but	not	
previously	validated	in	this	way.		






























Technologies,	 Thermofisher	 Scientific	 A11055),	 donkey	 anti-goat	 Alexa	 Fluor	 568	 (Life	
Technologies,	 Thermofisher	 Scientific	 A21447),	 donkey	 anti-rat	 Alexa	 Fluor	 488	 (Life	
Technologies,	 Thermofisher	 Scientific	 A21208),	 donkey	 anti-mouse	 Alexa	 Fluor	 568	 (Life	





























































Supplement	 the	 FC	medium	 solution	with	 PD0325901	 (1µM),	 CHIR99021	 (3µM)	 and	 LIF	 (0.1mM).	
Store	at	4°C	and	use	within	1	week.	
N2	supplement	






Prepare	 a	 solution	 comprising	 the	 following:	 50%	 DMEM/F-12	 (vol/vol)	 and	 50%	 Neurobasal	 A	






























CAUTION:	 Experiments	 using	 mice	 must	 conform	 to	 Institutional	 and	 National	 regulations.	 We	


































Mice	of	 the	desired	 strain.	 	We	have	used	CBA	x	C57Bl/6	 (F1	mice)	 and	 transgenic	mice	of	mixed	
genetic	background.	Please	note	that	ESCs	and	TSCs	do	not	need	to	be	derived	from	the	same	mouse	
strain	 to	 form	 ETS-embryos.	 Experiments	 using	 mice	 must	 conform	 to	 Institutional	 and	 National	
regulations.		We	obtained	approval	for	these	experiments	from	The	Animals	(Scientific	Procedures)	


















viii) Once	 the	 outgrowths	 have	 expanded,	 aspirate	 the	medium	 and	 wash	 with	 PBS,	 then	
dissociate	the	outgrowths	using	0.05%	trypsin-EDTA.	Incubate	for	10	minutes	at	5%	CO2	
and	37°C.	
ix) Inactivate	 the	 trypsin	 using	 70%	 conditioned	 medium,	 plus	 1.5x	 TSF4H	 (TS	 medium	














gelatin-coated	 tissue	 culture	 plates	 by	 keeping	 the	 cells	 in	 MEF-conditioned	 TS	 cell	
medium	 (more	 details	 can	 be	 found	 in	 Tanaka,	 200636	 or	 Rossant,	 200637)	 As	 a	 third	














embryos.	 Experiments	 using	 mice	 must	 conform	 to	 Institutional	 and	 National	 regulations.	 We	







iii) Allow	 the	blastocysts	 to	hatch,	attach	 to	 the	MEFs	and	 form	outgrowths.	 	 This	usually	
takes	48	hours.	
iv) Once	 the	 outgrowths	 have	 expanded,	 dissociate	 these	 by	 washing	 with	 PBS	 and	
incubating	with	0.05%	Trypsin-EDTA	for	10	minutes.		





























as	described	 in	Box	2.	CRITICAL	STEP	TSCs	can	be	passaged	up	to	~20	times	 for	use	 in	 this	





















































8) After	 centrifugation	 of	 TSCs,	 remove	 the	 supernatant,	 and	 resuspend	 the	 pellet	 gently	 in	
RPMI/FBS	media.		
CRITICAL	STEP	The	handling	of	TSCs	should	be	gentle	to	preserve	small	clumps	of	2	to	8	cells.	









11) Using	 a	 haemocytometer,	 count	 ~3-5,000	 ESCs	 and	 3-5,000	 TSC	 clumps	 and	mix	 in	 a	 1:1	
suspension	in	a	fresh	15ml	falcon	tube.		
















to	 monitor	 ETS-embryo	 formation.	 Change	 the	 medium	 every	 48h	 or	 when	 cells	 deplete	
nutrients,	 as	 indicated	 by	 the	 phenol	 red	 present	 in	 the	medium.	When	medium	 requires	





































































































































































































ESCs	and	TSCs	 in	 close	proximity	 should	generate	 rosette-like	 structures	 that	 contact	each	
other	within	48h.	After	72h	compound	structures	with	a	 lumen	in	the	ESC	compartment	should	be	

















identity	 in	 discrete	 embryonic	 and	 extraembryonic	 compartments	 (Fig.	 2).	 However,	 mesodermal	
specification	among	ETS-embryos	is	variable.	We	found	that	66%	of	the	structures	in	culture	that	can	
be	considered	as	ETS-embryos	will	specify	some	cells	as	mesoderm	(by	the	detection	of	T/Brachury	
expression)	somewhere	 in	the	ESC	compartment	of	 the	structure.	43%	of	ETS	embryos	will	 specify	
mesoderm	which	 is	 ‘regionalised’	 in	that	 it	 is	 localised	to	one	side	of	the	 long	axis	of	the	structure	
within	 4-5	 days.	 34%	 of	 ETS-embryos	 fail	 to	 specify	 any	 T/Brachyury	 positive	 cells	 in	 the	 ESC	
compartment.	
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TSCs.	 (a)	 When	 80%	 confluent,	 ESCs	 and	 TSCs	 are	 dissociated	 into	 single	 cells	 and	 small	 clumps	
respectively	(Steps	2-10).	Images	from	the	haemocytometer	square	(0.25	x	0.25	mm)	to	count	single	
ESCs	and	TSC	clumps	(Step	11)	Scale	bar=	50µm.	(b)	Mixing	and	resuspension	of	cells	in	liquid	Matrigel	
(Steps	12,	13)	 (c)	Plate	cell-Matrigel	 suspension	 in	small	drops,	allow	to	solidify	and	culture	 in	ETS	








The	ESC	compartment	 is	 labelled	with	a	CAG-GFP	membrane	marker	to	demarcate	 it	 from	the	TSC	
compartment.	Yellow	dashed	lines	outline	the	cavity.	Scale	bar=	10µm.	
Figure	2:	Molecular	markers	ascertaining	to	the	lineage	identity	of	the	cell	types	in	the	embryonic	
and	extra-embryonic	compartments	of	polarised	embryo-like	structures,	ETS-embryos.	ETS-embryos	
cultured	for	110h	were	analysed	for	ExE	markers	(EOMES,	grey	(a);	TFAP2C,	grey	(b));	epiblast	markers	
(SOX2,	red	(a);	OTX2,	red	(b))	and	mesoderm	marker	(T/Brachyury,	green)	by	immunofluorescence.	
DAPI,	blue;	Scale	bar=	20µm.	
Supplementary	table	1:	Table	listing	the	approximate	volumes	of	medium	and	Matrigel	used	with	
this	method	for	different	sizes	and	types	of	optical	culture	dish.	
	
